Bacterial laminaribiose phosphorylase (LBP bac ) was first identified and purified from cell-free extract of Paenibacillus sp. YM-1. It phosphorolyzed laminaribiose into -glucose 1-phosphate and glucose, but did not phosphorolyze other glucobioses. It slightly phosphorolyzed laminaritriose and higher laminarioligosaccharides. The specificity of the degree of polymerization of the substrate was clearly different from that of the enzyme of Euglena gracilis (LBP Eug ): LBP bac was more specific to laminaribiose than LBP Eug . It showed acceptor specificity in reverse phosphorolysis similar to LBP Eug . Cloning of the gene encoding LBP bac (lbpA) has revealed that LBP bac is a member of the glucoside hydrolase family 94, which includes cellobiose phosphorylase, cellodextrin phosphorylase, and N,N 0 -diacetylchitobiose phosphorylase. The genes that encode the components of an ATP-binding cassette sugar transporter specific to laminarioligosaccharides were identified upstream of lbpA, suggesting that the role of LBP bac is to utilize laminaribiose generated outside the cell. This role is different from that of LBP Eug , which participates in the utilization of paramylon, the intracellular storage 1,3--glucan.
Carbohydrate phosphorolytic enzymes reversibly phosphorolyze glycosidic linkages at the non-reducing end to form monosaccharide 1-phosphate. 1, 2) The substrate specificities of phosphorolytic enzymes are generally strict, and they are named as ''name of the substrate þ phosphorylase.'' They are useful catalysts to prepare oligosaccharides specifically using their reverse phosphorolytic reaction. Several oligo-and polysaccharides have been produced from natural sugar sources by combining the actions of two phosphorylases. 1, [3] [4] [5] [6] [7] Three different phosphorylases acting on 1,3--glucosides to generate -glucose 1-phosphate (Glc1P) are known: laminaribiose phosphorylase (EC 2.4.1.31), 1,3--oligoglucan phosphorylase (EC 2.4.1.30), and 1,3--glucan phosphorylase (EC 2.4.1.97). The first two were isolated from microorganisms in the family Euglenaceae: Euglena gracilis [8] [9] [10] and Astasia ocellata. 11) Both enzymes phosphorolyze laminarioligosaccharides (LOs), and they differ only in their preference for the degree of polymerization of substrates. 1,3--Oligoglucan phosphorylase prefers laminaritriose or larger LOs over laminaribiose. On the other hand, laminaribiose phosphorylase prefers laminaribiose. 1,3--Glucan phosphorylase was isolated from Ochromonas malhamensis, 12) and it phosphorolyzed laminarin but not laminaribiose. Among these three enzymes, only laminaribiose phosphorylase from E. gracilis (LBP Eug ) was purified to homogeneity. It shows a molecular mass of 120 kDa on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and 200 kDa on gel filtration. 13) These phosphorylases are useful in the preparation of 1,3--glucosyl oligosaccharides. We have reported the production of laminaribiose using LBP Eug 14) and LOs using a crude extract of E. gracilis containing 1,3--oligoglucan phosphorylase as well as LBP Eug . 15) The phosphorylases for 1,3--glucosides have all been isolated from microorganisms in class Phytomastigophora, which are protozoa with chloroplasts. Because the growth of protozoa is generally slow, they are generally not good enzyme sources for industrial use. Here, we describe the characterization and gene cloning of laminaribiose phosphorylase from a bacterial source, Paenibacillus sp. YM-1, which was isolated as a 1,3--glucan-utilizing strain.
Materials and Methods
Materials. Glc1P dipotassium sulfate was purchased from Nacalai Tesque (Kyoto, Japan). Laminaribiose (Glc1!3Glc), laminaritriose, laminaritetraose, laminaripentaose, laminarihexaose, and laminariheptaose (all pure grade) were purchased from Seikagaku Biobusiness (Tokyo). All other chemicals were of reagent grade and were used without further purification.
Assay methods. Soluble sugars in the preparation of the LO mixture were quantified by high-performance anion-exchange chromatography (Model D-300 BioLC; Dionex, Sunnyvale, CA) with a CarboPac PA1 column (4 mm Â 250 mm) equipped with a pulsed amperometric detector. The column was equilibrated with 100 mM NaOH, and the reaction products were eluted with a linear gradient of 0-200 mM sodium acetate in 100 mM NaOH at a flow rate of 1 mL/min for 20 min.
Glc1P was quantified by the phosphoglucomutase-glucose 6-phosphate dehydrogenase method. 16) Quantification of Pi in the presence of Glc1P was done by the method of Lowry and Lopez. 17) y To whom correspondence should be addressed. Tel: +81-29-838-8071; Fax: +81-29-838-7321; E-mail: mkitaoka@affrc.go.jp Abbreviations: ABC, ATP-binding cassette; CBP, cellobiose phosphorylase; CDP, cellodextrin phosphorylase; CGS, cyclic 1,2--glucan synthase; ChBP, N,N 0 -diacetylchitobiose phosphorylase; GH, glycoside hydrolase family; Glc1P, -glucose 1-phosphate; LBP bac , laminaribiose phosphorylase from Paenibacillus sp. YM-1; LBP Eug , laminaribiose phosphorylase from Euglena gracilis; LO, laminarioligosaccharide; LO-BP, laminarioligosaccharide-binding protein; MOPS, 3-morpholinopropanesulfonic acid Preparation of the LO mixture for the carbon source. To prepare the LO mixture for the carbon source in the culture media, enzymatic hydrolysis of a linear 1,3--glucan 18) was done. Curdlan (100 g; Wako Pure Chemicals, Osaka, Japan) and a yeast lytic enzyme preparation, YL-15 (8 g; Amano Enzymes, Nagoya, Japan) were added to 2 L of 50 mM acetate buffer (pH 5.5), and the mixture was incubated for 48 h at 40 C and heated at 100 C for 10 min to inactivate the enzyme. It contained Glc (15 g/L), laminaribiose (17 g/L), and laminaritriose (9 g/L). No other soluble oligosaccharides were detected. Then 2 g of dry yeast (Cameria, Nisshin Flour Milling, Tokyo) was added, and the mixture was incubated at 25 C for 24 h to ferment glucose. 19) The yeast treatment successfully removed glucose without causing a significant decrease in laminaribiose, but it caused a drastic decrease in laminaritriose and an increase in a new trisaccharide, Glc1! 6Glc1!3Glc, which was not detected before treatment. The final concentrations of sugars in the mixture were laminaribiose (17 g/L), laminaritriose (3 g/L), and Glc1!6Glc1!3Glc (9 g/L). Glc1! 6Glc1!3Glc is thought to be formed by transglucosylation of a yeast enzyme such as 1,3--glucosidase, 20) transferring the glucosyl unit at the non-reducing end of laminaritriose to the C6 position of the non-reducing end of laminaribiose. The mixture was deionized with Amberlite MB3 (Organo, Tokyo), concentrated with a rotary evaporator, and lyophilized, yielding a white powder (LO mixture, 58 g) containing 60% laminaribiose, 11% laminaritriose, and 29% Glc1!6Glc1!3Glc. C to obtain a crude enzyme. After removal of the cell debris by centrifugation (15;000 Â g, 15 min, 4 C), ammonium sulfate was added to the crude enzyme to a final concentration of 40% saturation, and the resulting precipitate was removed by centrifugation. The supernatant was then applied to a Butyl-Toyopearl 650M (Tosoh, Tokyo) column (2:0 cm Â 8 cm) equilibrated with 20 mM sodium phosphate buffer (pH 7.0) containing 30% saturated ammonium sulfate. The column was washed with 50 mL of 20 mM sodium phosphate buffer (pH 7.0) containing 30% saturated ammonium sulfate, followed by elution with a 90-mL linear gradient of ammonium sulfate (30%-10% saturation) in 20 mM sodium phosphate buffer (pH 7.0) at a flow rate of 2 mL/min. To the fractions containing LBP bac activity, ammonium sulfate was added to 60% saturation, and the precipitate was collected and dissolved in 10 mL of 20 mM sodium phosphate buffer (pH 7.0), and this was dialyzed against the same buffer.
The solution was applied to a DEAE-Toyopearl 650M (Tosoh) column (2:0 cm Â 8 cm) equilibrated with 20 mM sodium phosphate buffer (pH 7.0), and the column was washed with 50 mL of the same buffer. Elution was done with a 100-mL linear gradient of NaCl (0-300 mM) in 20 mM sodium phosphate buffer (pH 7.0) at a flow rate of 2 mL/min. The fractions containing LBP bac activity were collected and dialyzed against 20 mM sodium phosphate buffer (pH 7.0).
The solution was applied to a MonoQ column (1:0 cm Â 10 cm; GE Healthcare, Buckinghamshire, UK) equilibrated with 20 mM sodium phosphate buffer (pH 7.0), and the column was washed with 50 mL of the same buffer. Elution was done with a 100-mL linear gradient of NaCl (0-300 mM) in 20mM sodium phosphate buffer (pH 7.0) at a flow rate of 1 mL/min. The fractions containing LBP bac activity were collected, and ammonium sulfate was added to 40% saturation.
The solution was applied to a Phenyl-Toyopearl 650M (Tosoh) column (1:0 cm Â 4:5 cm) equilibrated with 20 mM sodium phosphate buffer (pH 7.0) containing 30%-saturated ammonium sulfate. The column was washed with 50 mL of 20 mM phosphate buffer (pH 7.0) containing 30%-saturated ammonium sulfate, followed by elution with a 100-mL linear gradient of ammonium sulfate (30%-10% saturation) in 20 mM sodium phosphate buffer (pH 7.0) at a flow rate of 1 mL/min. To the fractions containing LBP bac activity, ammonium sulfate was added to 60% saturation, and the precipitate was collected and dissolved in 0.5 mL of 20 mM sodium phosphate buffer (pH 7.0).
Finally, the solution was purified on a Superdex 200 (1:0 cm Â 30 cm; GE Healthcare) with 50 mM sodium phosphate buffer (pH 7.0) containing 150 mM NaCl at a flow rate of 0.5 mL/min, yielding pure LBP bac . The purified enzyme was precipitated by adding ammonium sulfate to 80% saturation, and was used after the precipitate was dissolved to an appropriate buffer.
Measurement of enzymatic activity. The protein concentration was determined by measuring Abs 280 with a theoretical extinction coefficient of E 0.1% ¼ 1:517, calculated based on the amino acid sequence 21) of LBP bac . Enzyme reactions were carried out at 45 C in 100 mM 3-morpholinopropanesulfonic acid (MOPS)-NaOH buffer (pH 7.0). Enzymatic activity was routinely determined by measuring the increase in Pi liberated from 10 mM Glc1P and 10 mM Glc, unless stated otherwise. One unit of activity was defined as the amount of enzyme that liberated 1 mmol Pi per min under the above conditions. The initial rate of the phosphorolytic reaction was determined by measuring the amount of Glc1P generated during the enzyme reaction with 10 mM laminaribiose and 10 mM Pi after stopping the reaction by boiling for 10 min.
Substrate specificity of LBP bac . Phosphorolytic activities on various sugars were determined under the standard conditions with replacement of laminaribiose by other substrates. For acceptor specificity in reverse phosphorolysis, glucose under standard conditions was replaced with other compounds, and the release of Pi was quantified.
Kinetic parameters. To determine the reaction mechanism and the kinetic parameters of the phosphorolytic reaction, the initial rates were determined with a combination of initial concentrations of laminaribiose (1.0, 2.0, 4.0, 8.0, and 10 mM) and Pi (0.10, 0.25, 0.50, 1.0, 2.5, and 5.0 mM). The experimental data were fitted to the curve of equation (1) for the sequential Bi Bi mechanism using a computer program, GraFit Ver. 7.0 (Erithacus Software, Middlesex, UK).
To determine the kinetic parameters of reverse phosphorolysis, the initial rates of release of Pi were measured with a combination of the initial concentrations of Glc1P (2.5 and 5 mM) and glucose (1, 2, 4, 6, 10, 20, 25, 50, 75 , and 100 mM). The experimental data were fitted with to curve of equation (2) of competitive substrate inhibition by glucose 22) using GraFit Ver. 7.0.
Basic properties. The effect of pH on enzyme activity was measured under standard conditions by replacing 100 mM MOPSNaOH buffer (pH 7.0) with the following 100 mM buffers: sodium acetate (pH 4.3-6.3), 2-(N-morpholino)ethanesulfonic acid-NaOH (pH 5.6-7.3), MOPS-NaOH (pH 6.6-8.2), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid-NaOH (pH 6.8-8.6), and Tris-HCl (pH 7.4-9.7). Similarly, the effect of temperature was measured under standard conditions at various temperatures over 30 min. Thermal and pH stabilities were defined as the activity remaining after incubation of the enzyme at various temperatures for 30 min in 100 mM MOPS-NaOH buffer (pH 7.0) and at various pH values for 30 min at 30 C. The monomeric molecular mass was determined by SDS-PAGE. The native molecular mass was determined by gel filtration using Superdex 200 (GE Healthcare, conditions described above in the purification section) using MW-Marker HPLC (Oriental Yeast, Osaka, Japan).
Amino acid sequence. The N-terminal amino acid sequence was determined from the purified LBP bac solution using an automated peptide sequencer (Model G1001A; Hewlett-Packard, Corvallis, OR). To obtain the internal amino acid sequences, the purified LBP bac was digested in an SDS-polyacrylamide gel 23) with Staphylococcus V8 protease (Wako Pure Chemicals). After completion of SDS-PAGE, the peptide fragments were blotted onto a polyvinylidene fluoride membrane. 24) Several bands were cut from the membranes, and their N-terminal amino acid sequences were determined using the automated peptide sequencer.
Gene
C for 120-240 s. The amplified fragments were purified using a MiniElute Gel Extraction Kit (Qiagen, Hilden, Germany), inserted in pCR-TOPO vector using the TOPO TA Cloning Kit (Invitrogen, Carlsbad, CA), and transformed into Escherichia coli TOP10 (Invitrogen). Note that fragments amplified by KOD Plus DNA polymerase were treated with Taq DNA (Takara Bio, Otsu, Japan) polymerase before purification. In total, 7,340 DNA bp were cloned and sequenced. The DNA sequence was deposited in DDBJ with the accession no. AB568298. C for 180 s. The amplified fragment was purified with a MinElute Reaction Cleanup Kit (Qiagen), digested with NdeI and XhoI (New England Biolabs, Beverly, MA), and inserted into pET-30b(þ) (Novagen, Madison, WI) to add a hexahistidine tag to the C terminal of the recombinant protein. The E. coli BL21 (DE3) (Novagen) transformant, which harbors the expression plasmid, was grown in LuriaBertani medium (1% tryptone, 0.5% yeast extract, and 1% NaCl) containing 50 mg/mL of kanamycin at 37 C to an absorbance of 0.6 at 660 nm. Expression was induced with 0.1 mM isopropyl -D-thiogalactopyranoside and was continued at 30 C for 12 h. Wet cells collected by centrifugation at 6;100 Â g for 5 min were suspended in 50 mM TrisHCl buffer (pH 7.5) containing 300 mM NaCl. The suspended cells were sonicated and centrifuged at 10;000 Â g for 20 min, and the supernatant was used as crude enzyme solution. Recombinant LBP bac was purified by column chromatography using a column of Ni-NTA agarose (Qiagen) in accordance with the supplier's protocol.
Preparation of recombinant LO-binding protein (LO-BP).
The gene encoding LO-BP (lbpD) was amplified from the genomic DNA with a primer pair: forward, 5 0 -ggtaaccatatggtaaagagaatttcagcc-3 0 (NdeI site underlined), and reverse, 5 0 -ccttactcgagcttaggcgctgcggcttcc-3 0 (XhoI site underlined), using KOD Plus DNA polymerase (Toyobo) under the following conditions: 25 cycles of 94 C for 15 s, 55 C for 30 s, and 68 C for 120 s. The amplified fragment was purified, digested, and inserted into pET-30b(þ), as described above for LBP bac . The E. coli BL21 (DE3) transformant containing the expression plasmid was grown as described above for recombinant LBP bac . Expression was induced with 0.1 mM isopropyl -D-thiogalactopyranoside, and was continued at 37 C for 6 h. Wet cells collected by centrifugation at 5;000 Â g for 5 min were suspended in 10 mM sodium phosphate buffer (pH 7.4). The suspended cells were sonicated and centrifuged at 10;000 Â g for 20 min, and the supernatant was used as crude solution. Recombinant LO-BP was purified by column chromatography using a column of Ni-NTA agarose (Qiagen) in accordance with the supplier's protocol.
Surface plasmon resonance analyses. On a carboxymethylated dextran sensor chip CM5 (research grade, GE Healthcare Bioscience) set in BIAacore2000 (GE Healthcare), 3.5 mg of purified LO-BP dissolved in 70 mL of 10 mM acetate buffer (pH 4.0) was immobilized using an Amine Coupling Kit (GE Healthcare) following the supplier's protocol. Bovine serum albumin was used as the control protein. After immobilization, binding with glucose, laminaribiose, cellobiose, sucrose, laminaritriose, and laminaritetraose was examined at 30 C in 10 mM HEPES buffer (pH 7.4) containing 150 mM NaCl and 3 mM EDTA at five concentrations ranging from 19 to 300 mg/L. The dissociation constant (K d ) was calculated by regressing the values of the response at equilibrium (R eq ) of the function of the concentration of the ligand ([Lig]) with equation (3) using GraFit ver. 7.0:
Results
Basic properties of the enzyme
From the cell-free extract of Paenibacillus sp. YM-1, LBP bac was purified to homogeneity through five chromatography steps (Table 1) . It showed a molecular mass of 100 kDa on SDS-PAGE and one of 200 kDa on gel filtration, suggesting a dimeric structure. The optimum pH of LBP bac was between 6.8 and 7.0, the same range as for LBP Eug . The optimum temperature of the reaction over 30 min was determined to be 55 C. The activation energy was calculated to be 33 kcal/J by Arrhenius plot below 50 C, where a linear relationship was observed. The enzyme was stable between pH 6.0 and 9.0. It was stable up to 45 C over 30 min at pH 7.0: slightly more stable than LBP Eug (up to 40 C).
13) The specific activity was determined to be 23 U/mg.
Substrate specificity LBP bac phosphorolyzed laminaribiose into Glc1P and glucose, but did not phosphorolyze cellobiose (Glc1!4Glc), sophorose (Glc1!2Glc), or gentiobiose (Glc1!6Glc). It showed weak phosphorolytic activities on laminaritriose and larger LOs (Table 2) . Compared to the specificities of LBP Eug based on degrees of polymerization of LOs, 13) LBP bac was more specific to laminaribiose. On reverse phosphorolysis, it was most active on glucose as acceptor, and was weakly active on several monosaccharides with Glc1P as donor ( Table 3 ). The acceptor specificity on monosaccharides resembled that of LBP Eug .
Kinetic analysis
When the double reciprocals of the initial velocities against the initial concentrations of laminaribiose were plotted at several fixed concentrations of Pi, the lines crossed at a certain point in the second quadrant (Fig. 1) , indicating that the enzyme reaction follows a sequential Bi Bi mechanism, as reported for other inverting phosphorylases, [25] [26] [27] [28] [29] including LBP Eug . 13) The kinetic parameters that appear in equation (1) were calculated as follows:
14 mM, and K iA ¼ 9:8 mM (A, laminaribiose; B, Pi).
On reverse phosphorolysis to synthesize laminaribiose, higher concentrations of glucose caused competitive substrate inhibition, in which Glc, the acceptor substrate, competitively inhibited the binding of Glc1P, the donor substrate, as often described for glucobiose phosphorylases, 22, 30, 31) including LBP Eug . 13) The parameters that appear in equation (2) were calculated to be
, and K I2 ¼ 2:3 mM (Q, Glc1P; P, Glc). The theoretical curve fit the experimental data well (Fig. 2) .
Cloning of genes
The N-terminal and two internal amino acid sequences from the 30-and 40-kDa fragments (Fig. 3) were determined to be GQKGWKFQGEQGEFRLEQ-PEHNSYL, GGALDWPEAVVAN, and GADWNDGL-DLAPER. Using a primer set designed based on these amino acid sequences, a 1.5-kbp DNA fragment was amplified. By several inverse PCRs, the gene sequence including entire gene encoding the laminaribiose phosphorylase (lbpA) was determined. All three amino acid sequences were involved in lbpA. Three open reading frames (lbpB, lbpC, and lbpD) were identified upstream of the lbpA gene, as shown in Fig. 4 . The lbpA gene encoded a protein of 911 amino acid residues with a predicted molecular weight of 101,599. A BLAST search of the amino acid sequence revealed that LBP bac should be placed in glycoside hydrolase family (GH) 94 of the CAZy classification, 32) to which cellobiose phosphorylase (CBP), cellodextrin phosphorylase (CDP), N,N 0 -diacetylchitobiose phosphorylase (ChBP), and a domain of cyclic 1,2--glucan synthase (CGS) belong. The catalytic Asp residue of the GH94 enzymes 33) was found to be D526 in LBP bac . A phylogenetic tree of the GH94 enzymes characterized (Fig. 5) indicates that LBP bac is distantly homologous with other known enzymes.
The lbpB, lbpC, and lbpD genes encoded proteins of 278, 297, and 454 respectively, with predicted molecular weights of 30,853, 33,771, and 49,668 respectively. A Pfam search (http://pfam.sanger.ac.uk/) predicted that lbpB and lbpC encode binding-protein dependent transported system inner membrane components belonging to the BPD transp 1 family, and lbpD encoded a bacterial extracellular solute binding protein belonging to the SBP bac 1 family. These genes are hence thought to encode components of the ATP-binding cassette (ABC) sugar transporter.
Recombinant LBP bac
The lbpA gene was cloned in pET30b vector and expressed in E. coli BL21 DE3 to produce the recombinant protein with an additional His 6 sequence at the C terminal of the recombinant protein. From 100 mL of culture, 7.3 mg of purified recombinant LBP bac with a specific activity of 20 U/mg was obtained. The recombinant LBP showed specificity identical to the native LBP bac .
Binding specificity of the solute binding protein The gene predicted to encode the solute-binding protein (lbpD) was cloned and expressed in E. coli BL21 DE3 to produce the recombinant protein with an additional His 6 sequence at the C terminal of the recombinant protein. From 100 mL of culture, 6.4 mg of purified recombinant protein (LO-BP) was obtained. LO-BP bound with laminaribiose, laminaritriose, and laminaritetraose, but did not bind with glucose, cellobiose, or sucrose ( Table 4 ). The K d for LOs was approximately 3 Â 10 À8 M, and was independent of the degree of polymerization. It was hence identified as LO-BP. The amino acid sequence of LO-BP does not show significant similarity to the laminaribiose-binding protein of Clostridium thermocellum.
34) The binding of LO-BP with laminaribiose was stronger than that of the laminaribiose-binding protein of C. thermocellum, the K d of which is reported to be 1:3 Â 10 À7 M.
Discussion
Before this study, all phosphorolytic enzymes for 1,3--glucosides were isolated from Phytomastigophora, and none of the genes that encode such enzymes had been cloned. Here we identified a laminaribiose phosphorylase from a bacterial source, and we report the first cloning of genes that encode such enzymes. LBP bac preferred the disaccharide laminaribiose, indicating that it should be categorized as laminaribiose phosphorylase (EC 2.4.1.31).
Genes that encode a specific transporter for LOs are found upstream of the lbpA gene. Such transporter genes are often located close to a gene that encodes a phosphorylase. 29, 35) We have reported that a solutebinding protein of an ABC transporter located close to galacto-N-biose/lacto-N-biose I phosphorylase bound specifically to its substrates, galacto-N-biose and lacto-N-biose I. 36, 37) The presence of the LO-specific ABC transporter strongly suggests that the role of LBP bac is to utilize laminaribiose generated outside the cell. This role is clearly different from those of other phosphorylases Multiple alignments were performed using ClustalW2 (http: //www.ebi.ac.uk/Tools/msa/clustalw2/). A phylogenetic tree was constructed using TreeView version 1.6.6 (http://taxonomy.zoology. gla.ac.uk/rod/rod.html). 1, LBP bac (BAJ10826.1); 2, CBP from Cellvibrio gilvus (BAA28631.1); 3, CBP from Cellulomonas uda (AAQ20920.1); 4, CBP from Clostridium stercorarium (AAC45510.1); 5, CBP from Clostridium thermocellum (AAL67138.1); 6, CBP from Saccharophagus degradans (ABD80580.1); 7,CBP from Thermotoga maritima (AAD36910.1); 8, CDP from C. stercorarium (AAC45511.1); 9, CDP from C. thermocellum (BAB71818.1); 10, ChBP from Vibrio furnissii (AAG23740.1); 11, ChBP from Vibrio proteolyticus (BAC87867.1); 12, CGS from Brucella abortus (AAC34747.2). for 1,3--glucosides from Phytomastigophora, including LBP Eug , which participate in the utilization of stored 1,3--glucans. This study indicates that laminaribiose phosphorylase is a member of GH94. In this family, three enzymes that phosphorolyze 1,4--linkages have been identified, CBP, 38) CDP, 39) and ChBP. 40, 41) The family also includes CGS, which consists of a glycosyl transferase family 84 domain and a GH94 domain that shows phosphorolytic activity on the enzyme-bound 1,2--glucan. 42) Here, phosphorylases specific to 1,2-, 1,3-, and 1,4--glucosides were completed in GH94.
The three-dimensional structures of two GH94 proteins have been reported. 33, 43) They were found to be structurally related to maltose phosphorylase belonging to GH65 44) in that they share the position of the catalytic amino acid residue, the phosphate binding site, and residues that construct the À1 subsite. The difference in and phosphorolytic activities is doe to whether the glucosyl residue binds with its face up or down at subsite À1.
33) GH65 also possesses phosphorolytic enzymes on the 1,1-, 1,2-, 1,3-, and 1,4--glucosides.
29) The finding of bacterial laminaribiose phosphorylase should help towards a structural explanation of the diversity of specificity for the position of the linkage in phosphorylases of the same family.
